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Electronic Total Station Speeds 
Survey Operations 

This new electronic surveying instrument measures slope 
distance and zenith angle simultaneously, then computes 
and displays horizontal or vertical distance in feet or metres. 
Its base measures horizontal angle. 

by Michael L. Bullock and Richard E. Warren 



IN 1970, WITH THE INTRODUCTION of the 
3800A Distance Meter, Hewlett-Packard launched 
into the electronic measurement of distance. Since 
that time HP has become a major supplier of electron- 
ic distance measuring equipment (EDM). Typically, 
EDM has been used in conjunction with some angle 
measuring device such as a transit, because the posi- 
tion of one point with respect to another is usually de- 
scribed by a horizontal distance, a vertical distance, 
and a horizontal angle from a known bearing or line. 
Now both distance and angle measuring capability 
are available in a new instrument — the 381 OA Total 
Station (Fig. 1). 

In the past, horizontal distance was measured by 
taping the distance, being very careful to maintain the 
tape in a horizontal plane, or by measuring the slope 
distance (typically with EDM equipment), measuring 
the zenith angle (using a theodolite or transit), and 
then computing the horizontal distance on a calcula- 
tor. The 3810A Total Station is capable of measuring 
slope distance and zenith angle simultaneously and 
then calculating the horizontal distance or vertical 
distance for immediate display. This horizontal dis- 
tance capability, combined with a base that measures 
horizontal angle, makes the total station a powerful 
instrument for subdivision layout, as well as for many 
other surveying applications (see page 6). 

A glance at the total station's control panel (Fig. 2) 
shows not only its simplicity of operation but also 
the variety of measurement options selectable by 
the operator. The total station measures and displays 
either vertical, horizontal, or slope distance, or zenith 
angle. It gives a single reading to the full resolution of 
the instrument or continuously updated readings with 
reduced resolution. Readings are in feet or metres for 
distances and degrees/minutes/seconds or grads for 
angle. The operator simply preselects the desired 
function and units, aims the instrument at the target 



point using the integral telescope and aiming tangent 
screws, and presses the MEASURE button. The instru- 
ment then automatically controls its own measure- 
ment cycle to produce the desired readout. All para- 
meters other than the selected one are also measured 
or computed and are available for immediate recall. 
The continuously updated reading is especially use- 
ful for such things as laying out a certain distance. 

The total station measures distances up to 1.6 km 
(1 mile) with resolution as fine as 1 mm. Measurements 
are accurate within 5 mm + 10 ppm. 




Cover: With its built-in 
calculator, angle transducer, 
and modulated-light-beam 
distance measuring system, 
this one instrument, Model 
381 OA Total Station, gives 
the operator a direct read- 
out of distance to a pole- 
mounted retroreflector held 
by his rod man. The displayed horizontal dis- 
tance, corrected for refraction and the earth's 
curvature, is automatically derived from slope 
distance and vertical angle. 
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Fig. 1 . Model 3810 A Total Station measures horizontal, vertical, and slope distances and vertical 
angle, all automatically. Its calibrated base measures horizontal angle. A snap-in battery pod 

eliminates cables 



Distance Measuring Technology 

The total station measures distance using ampli- 
tude modulation of a light beam (910 nm wavelength) 
from a GaAs diode. The wavelength of the modula- 
tion envelope (X m ) is chosen to be consistent with the 
requirements of the measurement. 

The modulated light is transmitted through a trans- 
mitter optics assembly and downrange to the end of 
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Fig. 2. 3B10A control panel. Operator simply selects the 
function and units, aims the instrument at the target point 
using the integral telescope, and presses the measure but- 
ton. He can also select a single reading with lull resolution or 
a continuously updated readout with reduced resolution. 



the line being measured, where a retroreflector sends 
the beam back to the instrument. A receiver optics as- 
sembly focuses the beam on a photodiode detector/ 
mixer, which produces an electrical signal that has the 
characteristics of the received modulated light enve- 
lope. Ideally this signal is identical to the modulation 
signal except for a displacement or phase shift pro- 
portional to the measured line length. 

The phase shift between the transmitted and re- 
ceived signals is a consequence of the finite velocity 
of the signal envelope, which is essentially equal to 
the speed of light. Fig. 3 shows how this phase shift is 
proportional to the distance being measured. The 
light beam actually travels the measured distance 
twice, once going out and once coming back, and Fig. 
3 shows the light path "unfolded" to illustrate more 
clearly the effect of distance on phase. A measured 
distance of V2k m is equivalent to one complete modu- 
lation wavelength, or 360° of phase shift. Typically, a 
phase measurement cannot distinguish between 0° 
and 360° of phase shift, thus leading to a repetitive 
phase-versus-distance characteristic, as shown in Fig. 
4. In the total station, two different modulating fre- 
quencies are used alternately, a lower frequency to 
determine the basic range, and a higher frequency for 
resolution. The frequencies are approximately 75 kHz. 
which provides a 2000-m measurement interval, and 
15 MHz. which provides a 10-m interval. 

In this idealized amplitude modulation system, the 
output signal of the detector is compared with the 
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Fig. 3. The total station measures distance by measuring 
the phase shift between the modulation envelopes ol two light 
beams. One is a reference light beam and the other is a light 
beam that has traversed the unknown distance and been re- 
flected back to the instrument. 



signal driving the modulator to determine phase 
shift. In practice, modulators and detectors introduce 
phase shift. If this phase shift were constant, it could 
be taken into account in the measurement. However, 
it can vary considerably with time and temperature 
and can therefore introduce measurement errors. 

Our solution to this problem is to generate a refer- 
ence signal that has been exposed to the same variable 
phase shifts (except that proportional to the distance 
being measured) as the transmitted-received signal. 
This is accomplished by alternately directing the 
output of the amplitude modulator to the transmitter 
optics and through an internal reference path to the 
detector. This guarantees that any phase shift intro- 
duced by the modulator and detector is present in 
both the external signal and the internal reference, so 
any differential phase shift between these two signals 
is proportional to the distance being measured. 

Distance Measuring Circuits 

A block diagram of the distance measurement por- 
tion of the 3810A Total Station is shown in Fig. 5. The 
basic resolution and accuracy are determined by the 
accuracy and stability of the 15-MHz oscillator in the 
transmitter, and these are determined by the tempera- 
ture and time stability of the oscillator crystal. Typi- 
cal long-term stability of the crystal is 2-3 ppm/year. 
The temperature coefficient of the oscillator is < ± 10 
ppm over the entire environmental range of the in- 
strument (-20°C to +55°C). 

The transmitter provides the drive signal to the 
emitting diode. It divides the 15-MHz signal digitally 
to provide the second modulation frequency of 75 



kHz and a 3.75-kHz square wave electrical reference 
signal. The transmitter also provides 15-MHz and 
75-kHz signals to the receiver. 

The transmitter diode produces a modulated light 
beam under the control of the transmitter drive sig- 
nal. The chopper, a blade rotating at a 10-Hz rate, al- 
ternately routes the diode output either through 
the transmitter optics (external path) or through 
the variable optical attenuator (internal path). The 
block labeled "optics" sends the light beam toward 
the target reflector and focuses the returned and refer- 
ence beams on the detector diode. 

The receiver and phase-lock circuit provides the 
local oscillator drive to the photodiode detector. The 
local oscillator drive is always 3.75 kHz above the 
modulation frequency currently being transmitted. 
The receiver has automatic gain control to maintain a 
constant output level regardless of input level. It also 
filters the detector output to eliminate all but the 
3. 75-kHz component. 

The limiter takes the 3. 75-kHz sine wave (IF) and 
produces a square wave output (IFL). The limiter is 
also an important part of the automatic balance fea- 
ture of the 3810A. Under control of the micro- 
processor, the limiter detects the difference between 
the internal path signal amplitude and the external 
path signal amplitude, and adjusts this difference to 
zero by adjusting the variable attenuator in the inter- 
nal path. When the two paths are balanced this fact is 
communicated back to the microprocessor via the 
flag line. Control lines from the phase detector tell the 
limiter when a reading is being taken and enable the 
beam break circuit on the limiter. The beam break cir- 
cuit detects whether the IF signal is below or above 
preset levels. Data collected under such conditions is 
questionable, so the microprocessor eliminates it 
from the measurement process. 

The phase detector and accumulator circuit makes 
the actual distance measurement by measuring the 
phase difference between the IFL signal and the 
3. 75-kHz reference. The internal path is measured 




N 1 1Vj 2 

Measured Distance (X m ) 



Fig. 4. Phase shift is a linear function of distance within one- 
half wavelength of the light-beam modulation signal. Two 
modulation frequencies are used. 75 kHz for the basic 2000-m 
measurement interval and 1 5 MHz for a 10-m interval and bet- 
ter resolution, 
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first. The phase difference between IFL and the 
3.75-kHz reference is determined by opening a gate 
on the leading edge of the 3.75-kHz reference signal 
and closing it on the leading edge of the IFL signal. 
While the gate is open, 15-MHz pulses enter the ac- 
cumulator and count it upward. This is repeated for 
100 cycles of the 3.75-kHz reference. At the end of 100 
cycles the accumulator holds a number that repre- 
sents the average phase difference between the 
3.75-kHz reference and the IFL signal (internal path) 
over those 100 cycles. Next, the external path signal is 
selected, and a similar measurement is done, except 
that the accumulator is counted down. The accumu- 
lator then holds the average over 100 cycles of the 
phase difference between internal and external paths. 
Measured data is then transferred to the micro- 
processor for analysis and display. 

Angle Measuring Technology 

Fig. 6 is a block diagram of the angle measuring 
system of the 3810A Total Station. The system is di- 
vided into two sections, analog and digital. The 
analog section does the actual angle measurement, 
while the digital section controls the timing of the 
measurement and interfaces the angle system to the 
rest of the instrument. 

The operation of the analog section is serial in na- 
ture. The 2.5-kHz oscillator is the source of the drive 
signal that is used to make the angle measurement. 



Fig. 5. Total station distance 
measuring circuits. Light at a 
wavelength ol910nm is produced 
by a GaAs diode. The accumula- 
tor counts 15-MHz pulses lor 
100 cycles of the 3.75-kHz ref- 
ence, first for the internal path and 
then for the external path; it then 
holds the average over 100 cycles 
of the phase difference between 
internal and external paths. This is 
transferred to the microprocessor 
for analysis and display 

The active attenuator divides this signal by a factor of 
almost 20, and the transducer driver provides an in- 
verted version of this signal to the angle transducer. 

Because of the precision needed in the angle mea- 
surement, the effects of electronic noise must be kept 
to a very low level. This is done by starting out with 
an oscillator that has a good output signal-to-noise 
ratio. Noise components in the output of the trans- 
ducer driver are more than one million times smaller 
than the desired signal. 

The transducer is the heart of the angle system. De- 
tails of its construction are discussed in the box on 
page 10. Electrically, the transducer can be repre- 
sented by the circuit shown in Fig. 7. Two of the "re- 
sistors", R L and R R , are functions of tilt angle G and 
another parameter * , while R A is a function only of * . 
The parameter * includes the effects of geometry, 
physical properties, temperature, and other para- 
meters. The transducer sense amplifier senses tilt 
angle as shown in Fig. 8. Notice that the effects of the 
non-angle-related parameters are cancelled, leaving 
only a function of tilt angle 0 and some constant fac- 
tors that are calibrated out. 

In the conversion from ac to dc, differences can 
creep into the various signal paths and cause errors. 
For this reason the next three blocks in Fig. 6 are tied 
together in an automatic zeroing loop. The signal select 
block, under control of the digital section timing sig- 
nals, connects the rectifier block to one of three pos- 
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How the Total Station Is Used 



The primary aplication for the 381 OA Total Station is layout. 
A typical layout application might be a subdivision of 40 acres 
divided into 160 individual lots. The drawing of this subdivision 
(Fig. 1) has all the points located by horizontal distances and 
horizontal angles from other points. With a 381 OA and the draw- 
ing, the points can easily be set out with almost no field calcu- 
lations or iterations, since the total station displays horizontal 
distance directly If the crew has transposed these rectangular 
coordinates into polar coordinates about control points, then 
even faster layout can be accomplished because the instru- 
ment can be set up at only a few locations and all other points 
laid out from there. In laying out a point, the continuously up- 
dated reading becomes very useful, helping the operator tell 
the rod man when he is close to the desired spot. Then the in- 
strument is switched to make an accurate reading and the final 
few centimetres can be set with a pocket tape. 




Fig. 1 . Typical subdivision layout. Horizontal distances and 
angles are important measurements. 

In laying out along a line, there is still the problem of getting 
the rod man on line. To speed up this step, an accessory called 
a line finder can be mounted on top of the total station This is an 
optical device that tells the rod man whether he is to the right or 
the left of the line by showing him different colors when he looks 
back at the instrument. With a total station and the techniques 



described here, time savings of 30-60% over other methods are 
easily obtained in layout situations. 

Another type of application that the total station does well is 
detail and location survey. Since the instrument has both dis- 
tance and angle capability, a survey for topographic information 
can be done with this one instrument (Fig. 2) By setting the 
target on the range pole at the same height as the instrument, 
differences in elevation can be read directly. The horizontal 
location of each point can also be established using horizontal 
distance and horizontal angle. 

Topographic Survey 




Fig. 2. Topographic survey is another application for which 
the 381 OA Total Station is well suited. 

An application apart from land surveying is in the hydro- 
graphic area, for example plotting a profile of a river or lake 
bottom The total station can quickly determine the position of 
a boat that is equipped with sounding equipment to measure 
depth The resulting data can be correlated later to obtain a 
profile. Again, the updated reading is especially useful in this 
application. 

The versatility of the total station should also help it meet 
the requirements of many other applications, such as building 
foundation layout, utility and/or pipeline layout, traverse sur- 
veys, volume estimating, and general highway layout. 



sible voltages. The rectifier provides full-wave rec- 
tification of its input signal in synchronism with 
the 2.5-kHz V Ref signal. The active low-pass filter 
converts the full-wave rectified signal to a dc level for 
use in the A-to-D converter. During the autozero por- 
tion of an angle measurement the signal select block 
grounds the input to the rectifier and causes the re- 
sulting system offset voltages to be stored on a capaci- 
tor so their effect can be subtracted from the integrator 
input voltage. 

During a measurement the output of the active low- 
pass filter is a dc level alternately proportional to the 
reference voltage or to the unknown angle-dependent 
voltage. The dual-slope integrator operates on these 
two voltage levels. It "ramps up" on the unknown 



voltage for a fixed time, then "ramps down" on the 
known reference voltage until the ramp crosses 
through zero. The ramp-down time is proportional to 
the unknown angle. This time is measured in the digi- 
tal section by counting pulses while ramp-down is in 
progress. 

The digital section provides all the timing signals 
for angle measurement and accumulates the actual 
angle measurement. The digital section is controlled 
by an ASM (algorithmic state machine). The qualifier 
multiplexer allows various signals to affect the value 
of the state counter only when they are intended to do 
so. The state counter keeps track of which phase of the 
measurement is currently taking place. The state 
counter decoding logic generates the control signals 
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Fig. 6. Total station zenith-angle measuring circuits. The analog section excites the angle trans- 
ducer and converts its output to a dc level that is measured by the dual-slope integration tech- 
nique. The digital section provides timing and control. 



needed to operate the analog section and to control 
the six-decade counter. The six-decade counter gener- 
ates the timing for auto-zero and ramp-up operations 
and serves as the reading accumulator during ramp- 
down. The zero-detect logic senses when the ramp 
crosses through zero, thus terminating the accumula- 
tion of ramp-down counts. The scale factor and offset 
logic generates signals under processor control to 



R L =f(o..) 



Rr = !(<>,•) 



Ra=i<-) 

Wr O 



Fig. 7. Angle transducer equivalent circuit. 6 is the unknown 
angle and * is a parameter that includes the effects of geom- 
etry, physical properties, temperature, and other factors. 



allow readout of the PROM that calibrates the angle 
system. The angle data multiplexer routes the various 
data sources to the processor for combination and dis- 
play. The angle system controls itself during a read- 
ing cycle, thereby freeing the microprocessor to con- 
trol other instrument functions while an angle read- 
ing is being taken. 

Processor Technology 

The 3810A Total Station uses the same micro- 
processor as the HP-35 hand-held calculator. 1 The 
microprocessor provides not only calculating ability 
but also complicated control functions that would be 
practically impossible by any other technique. Fig. 9 
shows the processor system and its interfaces to the 
rest of the instrument. 

The microprocessor determines when an angle 
measurement is called for and, at the proper time, sig- 
nals the angle logic sequencer to proceed. The micro- 
processor continues with its calculations until the 
angle flag signal goes high, at which time four data 
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Fig. 8. The transducer sense amplifier cancels the effects 
of non-angle-related parameters, leaving only a function of tilt 
angle 6 and some constant factors that are calibrated out. 

strobe lines are properly sequenced to read out the 
data from the angle system via the data bus. The 
microprocessor corrects for angle scale factor and 
offset as follows: 

Corrected angle = (raw angle x scale factor) 
+ offset 

All of the angle system readings are in decimal de- 
grees referenced to level. The microprocessor con- 
verts the units to either degrees-minutes-seconds or 
to grads and changes the reference from level to 
zenith. 

The distance measuring system interface exempli- 
fies the deeper levels of control the microprocessor 



exerts upon the system. Fig. 10 shows this interface in 
greater detail. 

Most of the interface between the distance measur- 
ing system and the microprocessor consists of the 
phase detector interface, since the phase detector is 
the last link in the distance measuring system. The 
control lines to the phase detector control block deter- 
mine when a reading is initiated, select initial phase 
detector operating mode, and modify the operating 
mode to account for existing conditions as shown by 
the initial readings. 

The phase detector flag signals the processor when 
a phase detector cycle is completed. A typical dis- 
tance measurement consists of many such phase de- 
tector cycles. At the end of each cycle the processor 
examines the good flag line to determine if a beam 
break condition existed any time during the last 
phase detector cycle. If a beam break did occur the 
processor ignores the data taken during that cycle and 
initiates a new phase detector cycle. 

In addition to controlling the phase detector to 
measure distance, the processor can switch the phase 
detector input to the output of a one-shot delay cir- 
cuit. The delay is controlled by the position of a vari- 
able resistor located on the front panel of the instru- 
ment. The processor requests that the phase detector 
measure the phase corresponding to this delay, and 
displays the phase as a number between +110 and 
-40. This reading is taken repetitively; it allows 
the operator to dial in a parts-per-million correction 
factor to be applied to the distance measurement. The 
correction factor, a function of air temperature and 
pressure, is necessary to compensate for changes in 
the velocity of light caused by changes in the index of 
refraction of air. 
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Fig. 9. The microprocessor pro- 
vides sophisticated control and 
computational capabilities. This 
simplified diagram shows the 
microprocessor and its interfaces 
to the angle and distance circuits. 
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Fig. 10. A more detailed look at the interlace between the 
microprocessor and the distance measuring circuits. In a dis- 
tance measurement the processor handles all control and 
computation functions, including statistical analysis ol the raw 
data to detect marginal measuring conditions. 



upon the instrument specification. If the variance ex- 
ceeds these limits more data is taken until the var- 
iance is within limits or a maximum number of data 
samples has been taken. If this maximum number has 
been reached and the variance still exceeds the limits 
the average of these data samples is displayed in a 
flashing manner to warn the operator that the measur- 
ing conditions were marginal. 

The processor also applies the dialed-in ppm cor- 
rection factor, performs offset calibration, corrects 
the raw angle data for scale factor and offset, and cal- 
culates horizontal and vertical distances corrected for 
refraction and earth curvature. The equations used in 
this last calculation are: 



H.D. = S.D.Cos0' 



S.D. Sin 0' 



2R F 



V.D. = S.D. Sin 0' 



where H.D. is horizontal distance displayed, V.D. is 
vertical distance displayed, S.D. is slope distance 
measured, R E is the radius of the earth, and 6'is cor- 
rected vertical angle: 

0' = 0 + 13.9 arc-seconds per 1000 metres of 
slope distance. 

Finally, the processor does unit conversions to pro- 
vide distances in metres or feet and angles in degrees- 
minutes-seconds, grads, or percent grade. 



The lines labeled "four data strobes" in Fig. 10 con- 
trol the data multiplexer, which in turn routes data 
from several sources onto the data bus for entry into 
the microprocessor. Data basically comes from three 
sources: phase measured data comes from the ac- 
cumulator, distance offset information is read from a 
programmable PROM structure, and front-panel 
status information is read from the front-panel 
controls. 

The microprocessor also performs other control 
functions in the distance measuring system. The 
operation of the automatic balance circuit is con- 
trolled by two lines. The time during which the re- 
ceiver AGC is allowed to track deviations in received 
signal amplitude is controlled by the AGC sample/ 
hold line. The selection of which modulation fre- 
quency, either 15 MHz or 75 kHz, is being transmitted 
is controlled by the frequency select line. The test line 
indicates to the system that the operator has request- 
ed a self-test. 

The processor performs many calculations in the 
course of each reading. Statistical analysis of the raw 
distance data is performed to determine if the var- 
iance, <t 2 , lies within predetermined limits based 



Front-Panel Self-Test 

When the operator selects the - 888 position on the 
front panel the processor lights all segments of the 
display to show that all are working. This results in a 
-8888.888 display. When the operator presses the 
MEASURE button with the switch in the -888 position 
the processor commands 20 different internal tests. 
If all tests are completed successfully, -8888.888 is 
displayed to indicate that the instrument is electroni- 
cally sound with a high degree of confidence. If any 
test fails the instrument flashes "0" to indicate a prob- 
lem. Self-test is very valuable for checking out an in- 
strument before it is carried out into the field for use, 
an operation that may involve a crew of two or three 
persons traveling considerable distance. The test is 
not a 100% test, so it does not give 100% confidence, 
but it does test all functions that can be tested 
internally. 

There are also thirteen additional test modes that 
are accessible only at the factory or service center. 
These tests help the service technician to determine 
the source of a problem and to verify proper operation 
when a repair has been made. For example, the front- 
panel self-test can also be accessed from a test key- 
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Angle Transducer 



In principle, the angle transducer is a very simple device 
Basically, il is a resistive component with electrodes separated 
by an electrolyte (see Fig 1 ) The electrode areas covered by 
electrolyte represent the angle to which the unit is tilted. If the 
right and left electrodes are covered equally, then the unit has 
zero output As the unit is tilted, one side gets covered less 
while the other is covered more 



Side View of 



Toroidal Angle 
Detector 



Rl. Rr 



Common 




Ra 

— Vv\ ' 

Area of Submersed Electrodes = t((>) 

Fig. 1 . 3810A angle transducer is a resistive component with 
electrodes covered by an electrolyte. Relative coverage ol the 
two electrodes is a measure ot tilt angle. 



Although the concept is simple, there are many subtleties 
that require control in the fabrication of the parts and in their 
assembly to obtain an accurate device. The materials used have 
to be very stable with time and temperature. Machining and mask- 
ing tolerances are most critical. The assembly must be com- 
pletely sealed as well as void of any impurities. Finally, the 
assembly must be packaged in a manner that minimizes tem- 
perature gradients across the liquid Integrated circuit tech- 
nology is employed in manufacturing the electrodes, and a very 
stable ceramic material is used as the substrate The parts are 



fritted together and a glass tube is welded shut to finish the seal- 
ing after the device is filled Two sets of thermal shields are 
added and the resulting device is a very reliable and accurate 
gravity sensing angle transducer Gravity sensing is desirable 
because it means that only one sensor is needed to measure the 
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Fig. 2. Typical linearity error ot vertical angle transducer 
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Fig. 3. Typical linearity error tor small angles 



5 



-5 



-4 -3 -2 -1 



2 3 4 5 
Angle (minutes) 



Fig. 4. Typical microlinearity ot angle transducer 

vertical angle and reference it to gravity. The sensor is sensitive 
only to the direction of gravity, not to its magnitude. 

The accuracy of the angle transducer is shown m Figs. 2. 3, and 
4. Fig. 2 shows a typical linearity error plot over the entire work- 
ing range of ±30°. Figs. 3 and 4 show the same type of errors 
at reduced ranges. 



board. The identical tests are performed, but when a 
failure occurs the display shows a flashing code from 
1 to 20 instead of a flashing "0". The service techni- 
cian can then consult a table that describes the test 
that is failing, and the type of failure can be found 
using other available tests. The service tests also 
allow display of all raw distance and angle param- 
eters in all combinations of operating mode, allow 
direct readout of calibration constants, test all 
processor controls by operating them in continuous 



"signal generator" modes, provide known test condi- 
tions for checking auto-balance operations, and pro- 
vide dynamic testing of flag return signals on a con- 
tinuous basis. These added test modes mean easier, 
faster, and less costly production and repair. 

Optical System 

The infrared lens system of the 3810A Total Station 
is one of the key elements in obtaining the range 
and accuracy of the distance meter portion of the 
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Fig. 11. Total station optical 
system produces a beam angle of 
3 arc-minutes. Alignment of trans- 
mitter and receiver diodes is care- 



fully done to assure accuracy of 
±(5 mm + 10 ppm). 



instrument. A schematic view of the infrared op- 
tical system is shown in Fig. 11. The aperture of 
the lens system was designed to obtain the desired 
range. The focal lengths of the lenses and the sizes 
of the transmitter and receiver diodes are optimized 
to obtain the desired beam angle of 3 arc-minutes. 
Since only one wavelength is used (910 nm), color 
correction is not necessary. Spherical aberrations are 
corrected by using plano-convex doublet lenses. 

Proper diode alignment and stability of this align- 
ment are essential for obtaining and maintaining 
range and accuracy. Alignment is done by viewing 
the diodes with the same wavelength of light that is 



269 

0 10 20 30 40 50 60 

II II III II II II II 
V I J 



f 




8 9 


10 


|U|H 


1 J 







Fig. 12. Horizontal base has a least count of 20 seconds 
with estimation to five seconds of arc. The reading here is 
269° 29W 



transmitted and aligning the two diodes optically to 
the reticle of the telescope within 12.5 /im. Stability 
is assured by lens, mirror, and diode mounting tech- 
niques. Thermal matching and/or thermal compensa- 
tion by selection of materials is used in as many loca- 
tions as possible. The surfaces that mount the optical 
elements are manufactured to precise tolerances so 
as not to distort the optical surfaces. 

Horizontal Base and Telescope 

The horizontal angle base of the 3810A Total Sta- 
tion is designed according to conventional practices 
used in modern theodolites. Horizontal angle is mea- 
sured by accurately scribed lines on a glass circle. 
The operator uses a microscope and optical micro- 
meter to observe the lines and interpolate between 
them while the circle is rotated about an accurate 
bearing/shaft arrangement. 

The horizontal base, custom built for the total sta- 
tion, has a least count of 20 seconds with estimation 
to 5 seconds of arc (Fig. 12). This means that each 
minor division accounts for 20 seconds of arc but be- 
tween these divisions interpolation to 5 seconds of arc is 
possible. The bearing/shaft design is cylindrical. Maxi- 
mum radial clearance is approximately 0.6/nm. Support 
is provided by ball bearing thrust members. Upper 
and lower halves of the base both move, allowing the 
operator to obtain more resolution by measuring the 
angle a number of times and dividing the sum of the 
readings by the number of readings. 

To measure angle accurately one must be able to 
sight the object in question. The total station em- 
ploys an 18 x erect-image telescope for acquiring tar- 
gets. Much design effort went into making this tele- 
scope stable and accurate, because the ability to mea- 
sure angle is only as good as the sighting telescope. 
To assure stability, each assembly is thermally cycled 
ten times between -40° and +160° F. Accuracy is ob- 
tained by close control of the machining and as- 
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sembly processes and tolerances and by using a high- 
resolution reticle. The resulting scope, which focuses 
from three metres to infinity, is repeatible within four 
seconds of arc. 
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Designing Efficiency into a Digital 
Processor for an Analytical Instrument 

Hardware control of the I/O system eliminates excessive 
overhead in the architecture of a digital processor used in a 
gas chromatograph, leading to significant improvements 
in operating convenience. 

by John S. Poole and Len Bilen 



THE CURRENT RUSH TOWARDS applying 
microprocessors to all kinds of control tasks 
has not escaped the notice of those designing analyti- 
cal instruments for chemical laboratories. In fact, a 
processor-based gas chromatograph, HP Model 
5830A (Fig. 1), was announced two years ago,' and 
an advanced version, Model 5840A (Fig. 2), with 30% 
more program memory and a magnetic card recorder/ 
reproducer that simplifies the entering of routine 
set-up instructions and calibration information was 
recently placed in production. The advantages that 
built-in digital control gave these instruments has 



gained wide acceptance for them by the chemical 
industry. 

Basic Considerations 

How can a digital processor best be utilized in a gas 
chromatograph? In its simplest form, a gas chromato- 
graph analyzes complex mixtures of organic com- 
pounds, separating them into individual molecular 
compounds by passing a sample in vaporized form 
through a long, narrow tube that places a "drag" on 
the chemical components. The drag is a function of 
the molecular mass and chemical composition of 




Fig. 1. Model 5830A Reporting 
Gas Chromatograph has a built-in 
digital processor that operates the 
instrument throughout an analy- 
tical run lollowing instructions 
entered through the keyboard. It 
also monitors the detector output, 
identilying sample components 
and computing their concentra- 
tions, and generates a chromato- 
gram that includes a complete 
analytical report. 
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Fig. 2. Operating instructions can be entered by way ot the keyboard ol the new Model 5840A 
Gas Chromatograph, then edited and recorded on a magnetic strip tor later re-entry (Fig. 3). 
With 30% more memory than Model S830A, Model 5840A can be programmed to change op- 
erating conditions between runs to accommodate sample-to-sample differences. 



each component, so the lighter components tend to 
elute first from the tube, or column as it is commonly 
known, followed in time by the heavier components. 

A detector at the column exit responds to the 
presence of components as they pass, tracing corre- 
sponding peaks on a strip-chart recorder. The result is 
a chromatogram, as shown in Fig. 4. Each component 
is identified by the time delay between sample inser- 
tion and detector response, called retention time. The 
area under the curve of each peak is proportional to 
the amount of that component in the sample. 

Measuring the retention times and the areas of the 
peaks yields the specific results desired. In the past, 
the level of sophistication used in evaluating this data 
was the primary limit on the accuracy of analyses. Be- 
cause manual methods have obvious limitations, the 
use of electronic data handling devices grew rapidly 
as the art of chromatography evolved. Initially there 
were hardware integrators that reported the time and 
calculated the area of each peak. Then came systems 
that used analog-to-digital converters to supply the 
data to computers for application of more sophisti- 
cated means of recognizing and evaluating peaks. 

Obviously, these computations are tasks suitable 
for a built-in digital processor. The first such efforts at 
using built-in digital processors, however, were 
in stand-alone microprocessor-controlled integrators, 
such as HP's Model 3380A, 2 that used many of the 



computer-based concepts to evaluate peak area. 

If used properly, all these methods reduce data an- 
alysis errors to negligible levels but they require the 
use of a relatively expensive auxiliary device with the 
chromatograph. They also contribute nothing to- 
wards improving the primary source of information, 
the chromatograph itself. Although built-in data an- 




Fig. 3. Magnetic cards are long, narrow strips on which 
set-up instructions and calibration information can be re- 
corded and used to set up the chromatograph at a later time 
exactly as before. 
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alysis is the most visible and perhaps most significant 
difference between the Model 5840A and conven- 
tional analog chromatographs, the contribution that 
the digital processor makes to better chromatograph 
operation is also of major importance. 

To understand this contribution, it is helpful to 
review the relationship of the processor to the hard- 
ware. In a conventional chromatograph. each func- 
tion and feedback control system has separate elec- 
tronic circuits and if several detectors are used, each 
of them also has individual circuits for processing its 
signal. All of these require individual range or set- 
point settings. A digital processor, however, is fast 
enough to handle several signals simultaneously by 
digital multiplexing so it can service the detector 
signals while simultaneously carrying out, by means 
of software algorithms, all the control functions. This 
automatic control of all aspects of gas chromatograph 
operation gains a considerable advantage in both cost 
and performance that alone would justify the use of a 
digital processor. Since there is sufficient processor 
time remaining to do data analysis, the analysis turns 
out to be a bonus obtained essentially free, except for 
the investment in software development. 

The improvement that the digital processor brings 
to gas chromatograph operation can be illustrated by 
the autoranging electrometer for the flame ionization 
detector. With a conventional chromatograph, the oper- 
ator has to select an electrometer range setting by 
means of front-panel switches. Selection of a too-sen- 
sitive range can result in flat-topped peaks caused by 
electrometer saturation whereas a not-sensitive- 
enough range may result in failure to detect trace- 
concentration components. With autoranging under 
processor control, the detector is always operated 
on an appropriate range so very low trace concentra- 
tions can be analyzed during the very same run as 
major components. 

Designed-in Digital Control 

The goal sought in the design of the digitally- 
controlled gas chromatographs was to provide auto- 
matic data reduction and printout of the results 
along with elimination of as many operator errors 
as possible by the use of autoranging detectors and 
automatic selection of integrating parameters. Also, 
the digital processor could schedule oven tempera- 
ture changes, switch the column effluent to other 
detectors, and do many of the other chores that had 
kept a chemist tied to his chromatograph during 
lengthy procedures, some of which can go on for hours. 

The most economical way to integrate all these 
functions into a single instrument that met our perfor- 
mance standards was to use a central processing unit 
(CPU) with computer-like architecture. The heart of 
the system that evolved is a 16-bit. serial-oriented 
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Fig. 4. Relatively simple chromatogram made by a manually 
operated gas chromatograph. To analyze results, the chemist 
must derive the time delay between sample insertion (marked 
by the negative spike at left) and each peak, and the area 
bounded by each peak and the baseline. Special calculations 
determine areas ol peaks that overlap, like those shown here. 
Chromatograms ol complex mixtures such as crude oil may 
be 10 times as long and have hundreds ol peaks. 

CPU like that used in the HP 9800-series Calculators. 3 
Besides the 16-bit word size, a clock rate of around 
5 MHz was needed to perform all the desired opera- 
tions in a reasonable length of time, requirements that 
could not be met by the microprocessors available at 
the time. Hence. MSI computer circuits were used. 

All operating parameters are entered through the 
function-oriented keyboard (Fig. 5), eliminating the 
many control knobs that a sophisticated gas chroma- 
tograph can have. The parameters are stored in a read/ 
write memory as digital numbers, allowing the oper- 
ating values to be entered with much greater resolu- 
tion than is economically possible with the rotary, 
slide, or pushbutton switches commonly used. By 
pressing the LIST key, all variables under processor 
control relating to the chemical analysis are recorded 
automatically on the chromatogram. giving all the 
data pertinent to the analysis on a single sheet of 
paper. 

Organizing the Processor 

Processor organization is shown in Fig. 6. Each 
system parameter that operates under processor con- 
trol is treated as a peripheral to the CPU, and is ac- 
cessed through the I/O bus. For example, each heated 
zone has a unique electrical address, and temperature 
control is executed by a particular algorithm stored in 
a read-only memory (ROM). Besides economy, this 
technique provides several advantages over previous 
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Fig. 5. Through the keyboard, all 
aspects of Ihe analysis are con- 
trolled— the column oven tempera- 
ture program, the temperatures ol 
other heated zones, the integra- 
tion parameters, the calibration, 
and the type ol computation 
Operation ol backllush valves, a 
change in recorder speed, a 
change in detectors, and other 
parameters can be programmed 
to occur at specilic times fol- 
lowing the start of a run. 



methods of hardware control, such as enabling the 
listing of setpoint and the actual value of any heated 
zone as an integral part of the final printout of results. 

The key to efficient utilization of the processor 
system was recognition of the fact that the peripherals 
connected to the I/O bus need constant attention and 
therefore should not be accessed by the usual I/O 
routines, that is with a request for interrupt followed 
by a CPU poll and so on. It was decided to establish 
a regular, periodic interrupt routine controlled by 



hardware. This allows each device to be serviced 
on a known schedule so module operation can be 
synchronized to have data ready when serviced. 

This scheme is implemented by using three of the 
bus lines for hardware-controlled addresses. Ad- 
dresses are placed on these lines by square-wave div- 
ider circuits such that a 40-Hz square wave appears 
on the first line, a 20-Hz square wave on the second, 
and a 10-Hz square wave on the third, as shown in 
Fig. 6. Each time a transition of the 40-Hz square wave 
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Fig. 7. An interrupt occurs on each transition ot the 40-Hz 
square wave. The states of the square waves at each interrupt 
define a 3-bit address tor the routines to be performed during 
that interrupt. 

occurs, an interrupt is generated and the present 
states of the three lines determine the I/O address for 
that interrupt. This is the only interrupt in the system, 
and it occurs 80 times a second. All eight addresses 
are thus cycled ten times a second. 

A. software counter in the CPU. synchronized to 
the hardware system, addresses a section of ROM for 
determining the servicing routine for each interrupt 
slot. The ROM programs cause the processor to ad- 
dress four other lines on the data bus called quali- 
fier lines. One of these determines the direction of 
data flow and the other three address various func- 
tions. During any one interrupt time slot, up to eight 
functions may be addressed sequentially by the quali- 
fier lines. Consequently, with these seven lines the 
processor has the capability of addressing up to 64 lo- 
cations 10 times a second, and to determine the direc- 
tion of data flow at each location. 

Address Organization 

The address locations are listed in the table below. 
Note that the printer/plotter is addressed during every 
interrupt. This enables the printer/plotter to access 
data 80 times a second for simultaneous real-time 
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plotting and/or printing. 

A brief description of the addresses will aid in un- 
derstanding how the processor is used. Addresses 00, 
01, 02, 40. and 41 are 32-bit transfers of data from 
the detectors to the processor. The instrument han- 
dles up to five detector data signals on the bus. Speci- 
fic addresses are allocated for the detectors com- 
monly used in GC work, i.e. the flame-ionization de- 
tector (FID) and the thermal conductivity detector 
(TCD), and a third address is allocated on each of the 
chromatograph's two channels for any special detec- 
tors that the chromatographer may wish to use. 

Addresses 04. 14, 24, 34, and 44 are concerned with 
temperature control in various parts of the chromato- 
graph. The read/write qualifier is used in conjunction 
with these addresses to enable data transfer in either 
direction. First, a digital word describing the actual 
temperature of the particular zone is transferred from 
detectors in the heated zone to the processor. An 
algorithm stored in ROM compares the actual temper- 
ature to the setpoint previously entered in the read/ 
write memory from the keyboard. The algorithm then 
calculates a duty cycle for the triac supplying power 
to the zone heater and transfers the value of the duty 
cycle to the zone controller. Note that the tempera- 
tures of all these zones are sampled and corrected 10 
times a second. 

Addresses 31 and 32 are concerned with column 
oven temperature. A combination of resistance heat- 
ing, cryogenic cooling, and ambient air mixing is 
used, permitting the setpoint for the oven tempera- 
ture to be set anywhere between — 50°C and +400°C. 

Address 50 is for the keyboard. When any key is 
pressed, its identity is stored in a register. Address 50 
transfers the contents of this register to the CPU for in- 
terpretation. 

Address 51 is for control of external devices such as 
valves for sample injection or column switching. Be- 
cause the processor has a master clock, a list of time- 
dependent variables such as these valves may be 
stored in a software table and executed as a function 
of time elapsed since sample injection. Keyboard en- 
tries define the function that is to occur and the time 
of occurrence. Time programming is available for 
time-dependent variables within the instrument as 
well as for the external devices. 

Address 52 is for an automatic liquid sampler (HP 
Model 7671A). The actual injection sequence for the 
mechanism is stored in a programmable read-only 
memory in the chromatograph. The sequence can be 
actuated by the CPU during address 52 or infor- 
mation concerning the status of the sequence can 
be transferred to the CPU. 

Addresses 54 and 64 are for transmitting digital 
readings from the electronic flow sensors in columns 
A and B. Address 60 is reserved for future options. 
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Time slot 7 is used by the CPU for synchronizing the 
hardware/software system. 

When the processor completes its housekeeping 
functions in each interrupt time slot, it returns to the 
background program until the next interrupt occurs. 
Everything described so far requires only about 30% 
of the processor time, leaving plenty of time for back- 
ground programs such as the integrating algorithms 
and calculations. 

Printing with a Plotter 

The operation of the printer-plotter is another ex- 
ample of the contribution that digital control can 
make. The recording "stylus" is a small ceramic 
rectangle on which a single vertical row of seven dots 
is formed by thick-film techniques. Each dot is a resis- 
tor that reaches a temperature of 200°C in about 4 ms 
when 100 mA at 20 V is applied. Power is maintained 
for about 6 ms, enough time for the heat to change the 
color of the heat-sensitive paper where touched by 
the dot. 

The dots are selectively pulsed by the CPU as the 
column of dots is moved linearly across the page. 
This generates characters with the equivalent of a 
5X7 dot matrix. 

To trace the chromatogram, one of the dots is 
turned on continuously at reduced power. The detec- 
tor output, which is converted to digital words 10 
times a second for transmission to the CPU, is recon- 
verted to an analog voltage for driving the servo me- 
chanism that positions the print head. To achieve 
high resolution, a constant-density trace is main- 
tained by modulating the power to the print head 
as a function of stylus slew rate. The CPU calculates 
the slew rate 80 times a second and a digital word 
describing the required power level is transmitted 
to the printer-plotter module. 

At the same time, the CPU controls the stepping 
motor that drives the recorder chart. Either a step or a 
no-step pulse is transmitted to the motor during each 
interrupt. The chart speed is thus determined by the 
rate at which step pulses occur, which is calculated 
by the CPU according to the chart speed entered on 
the keyboard. This technique permits the chart speed 
to be set from 0 to 10 cm/min in 0.01-cm/min incre- 
ments. As with the zone temperature controllers, this 
fine resolution is obtained with no increase in hard- 
ware costs. 

The ability to intermix printing and real-time plot- 
ting without causing discontinuities in the plot is an- 
other advantage derived from driving the chart under 
CPU control. When a retention time is to be written 
adjacent to a peak, the chart drive is stopped and 
subsequent realtime data points stored while the 
printed information is being generated. Plotting re- 
sumes when the printing operation is complete, but it 
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Fig. 8. The printer-plotter traces a chromatogram as an 
analysis proceeds and prints pertinent data on the same sheet 
ol paper. In this example, calculations determine the percen- 
tage ol each peak with respect to the total area ol all peaks 
The basic data is retained in memory so the operator can call 
lor additional reports calculated in other ways. 

goes at an increased rate until the stored data points 
are all plotted. The chart speed then returns to normal 
and real-time plotting resumes. 

With its ability to both print and plot, the printer- 
plotter greatly simplifies record keeping by enabling 
the chromatogram, operating parameters, and the cal- 
culated results to all be recorded on the same piece of 
paper, as shown in Fig. 8. 
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Fig. 9. The electrometer lor the FID uses the exponential 
relationship between the emitter-base voltage and collector 
current ol a transistor. In the feedback path ol the input ampli- 
fier, it derives a logarithmic relationship between input and 
output (Q1). In the next stage (02), it linearizes the amplifier 
output. Ranging is accomplished by changing the base vol- 
tage, and hence the amplification factor, of transistor Q2. 
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Invisible Autoranging 

With the digital processor integrated into the gas 
chromatograph, it was possible to incorporate auto- 
ranging into the detectors in a way that made the 
operation invisible to the user. 

The electrometer used with the flame ionization 
detector (FID) is based on the electrometer developed 
for the HP Model 5700A Gas Chromatograph, 4 This 
electrometer eliminated many of the problems of ear- 
lier designs by using a logarithmic amplifier that can 
accommodate input signals over a wide dynamic 
range followed by an exponential amplifier that lin- 
earizes the output of the logarithmic amplifier (Fig. 
9). Range switching occurs at a low-impedance point 
where it can be executed without introducing the 
kind of transients that occur when the high-impe- 
dance circuits of a conventional electrometer are 
switched. 

The digital-to-analog converter that follows the 
exponential amplifier is a conventional dual-slope 
converter as found in many digital multimeters. The 
clock rate for the converter is 10 MHz, enabling a 
complete, high-resolution conversion in less than 
1 ms. For each reading, 100 conversions are added, 
thereby giving an averaged value that has improved 
signal-to-noise ratio. 

Ranges are switched by comparators that look at the 
output of the analog-to-digital converter, upranging 
if the accumulating clock pulses reach a full count 
before the measurement cycle is complete, or down- 
ranging if the count does not reach 20% of maximum 
by the end of the measurement cycle. Since a range 
change occurs within 1 ms of the start of a measure- 
ment cycle, the system is able to track peaks that have 
very fast leading edges. 

The range-to-range ratio was made 16 to 1 so a 
range change can be introduced into the binary 
output simply by shifting it four places. Thus the CPU 
always sees a number corresponding to the absolute 
value of the electrometer output over a wide dynamic 
range without recourse to a separate range indication. 
The only range change visible to the user is the user's 
own selection of a suitable recorder sensitivity. 

Similar arrangements for digital readout and 
autoranging are used with the other types of 
detectors. A major benefit of autoranging is the 
elimination of errors resulting from undetected 
overranging. Some detector systems do not clip a 
peak overload but round the top of the peak, giv- 
ing it the appearance of a normal peak. It thus 
happens that the detector amplifier can be oper- 
ated in a non-linear region, causing errors in the 
interpretation of the chromatogram, without the 
user's being aware that an overrange condition 
exists. This does not happen with the digitally- 
controlled chromatograph. 



Safe Unattended Operation 

Because the use of the digital processor with its 
stored programs made long periods of unattended 
operation possible, the design of the entire gas chro- 
matograph had to be made fail-safe with considera- 
tion given to many areas unrelated to chemical per- 
formance. For example, the memory is protected 
against loss of its contents by a standby battery power 
supply that can support the memory for the duration 
of a typical power failure. In the event that the power 
is off longer than the standby power supply can sup- 
port the memory, the system automatically enters de- 
fault values when power returns so no harm is caused 
the system on restart. 

The power supplies are protected against both 
overvoltage and overcurrent such that an orderly 
shutdown occurs before any part of the instrument is 
damaged. The heated zones are protected by an inde- 
pendent software-controlled detection circuit that 
shuts down secondary 115V power to the zones and 
the column oven before damage can occur. 

The concern for fail-safe operation also extended to 
non-electronic parts of the system. For example, hy- 
drogen gas, sometimes used as a carrier gas and com- 
monly used in the FIDs, could fill the column oven 
and be ignited by the resistance heaters if there were a 
leak. If this should occur, the resulting violent explo- 
sion must be contained within the shell of the instru- 
ment to prevent injury to nearby personnel. This 
places quite a burden on the designer because it is 
also desirable to keep the mass of the oven low to give 
fast thermal response. The design of the oven in the 
Models 5830A/5840A is such that it successfully 
withstands multiple test explosions. 
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